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One of the two principal hypotheses put forward to explain the
primary magnetoreception event underlying the magnetic com-
pass sense of migratory birds is based on a magnetically sensitive
chemical reaction. It has been proposed that a spin-correlated
radical pair is produced photochemically in a cryptochrome and
that the rates and yields of the subsequent chemical reactions
depend on the orientation of the protein in the Earth’s magnetic
field. The suitability of cryptochrome for this purpose has been
argued, in part, by analogy with DNA photolyase, although no
effects of applied magnetic fields have yet been reported for any
member of the cryptochrome/photolyase family. Here, we dem-
onstrate a magnetic-field effect on the photochemical yield of a
flavin–tryptophan radical pair in Escherichia coli photolyase. This
result provides a proof of principle that photolyases, and most
likely by extension also cryptochromes, have the fundamental
properties needed to form the basis of a magnetic compass.

avian compass � cryptochrome � radical pair states � transient absorption
spectroscopy � flavoprotein

Proteins in the photolyase/cryptochrome family share a high
degree of sequence homology, a conserved three-

dimensional fold, and the same redox-active cofactor, f lavin
adenine dinucleotide (FAD) (1, 2). Members of this family have
been identified in organisms ranging from bacteria to plants and
humans (3–5). The function of DNA photolyase is blue light-
induced repair of UV-damaged DNA containing either cyclobu-
tane pyrimidine dimers or (6-4) photoproducts (6). In contrast,
cryptochromes are involved in entrainment of the circadian
clock, control of photomorphogenesis in plants, and various
other processes initiated by blue or UV (UV-A) light (3).
Light-induced redox reactions appear to be key processes in the
biochemical activity of both photolyases and cryptochromes
(7–9). Recent studies on several mutant proteins suggest the
existence of a triad of tryptophan residues that is highly con-
served among cryptochromes and all structurally characterized
photolyases (10–13). In Escherichia coli photolyase, intraprotein
electron transfer via tryptophans W382, W359, and W306 (10)
is believed to reduce the photoexcited FAD cofactor from the
semiquinone (FADH•) or fully oxidized (FADox) state to the
catalytically active FADH� state. In this light-induced reaction,
an electron is transferred from W382 to the excited flavin, thus
generating a tryptophanyl radical, which has a nanosecond
lifetime (14), and a flavin species that is one-electron-reduced
with respect to the initial redox state. The positive charge on
W382 migrates via W359 to W306 where deprotonation to the
neutral radical W306• takes place. Spin-correlated flavin-
tryptophanyl radical pair states are generated by photoexcitation
only if the flavin is initially in its FADox state (photoinduced
electron transfer to the semireduced FADH• state generates a
tryptophan radical and the diamagnetic, fully reduced flavin).
The terminal radical pair comprising the flavin radical and
W306• is stable for at least a few microseconds and decays by

backward electron transfer to regenerate the ground state flavin
(FADox) (15).

An intriguing function has recently been suggested for cryp-
tochromes in the context of the ability of migratory birds to use
the geomagnetic field for orientation (16, 17). Two competing
hypothetical models for the primary detection mechanism of this
magnetic compass have been proposed: one involving magnetic
iron-containing particles (18–20), the other based on magnetic-
field-sensitive radical pair chemistry (17, 21, 22). Cryptochrome,
which has recently been discovered in the retina of migratory
birds, is a candidate magnetoreceptor molecule, potentially able
to form transient radical pairs on blue light photoexcitation (23).
This hypothesis is supported by the observations that magnetic
compass orientation of migratory birds can be disrupted by weak
radiofrequency magnetic fields with frequencies in the 1- to
10-MHz range (21, 24) and that magnetoreception depends on
the wavelength of the ambient light (25).

Spin-correlated radical pairs are typically the result of photo-
induced electron transfer reactions starting from a molecular
precursor in either an excited electronic singlet (S) or triplet (T)
state. Under the influence of intramolecular electron nuclear
hyperfine interactions or differences in the two electron Zeeman
interactions of the two radicals, the radical pair undergoes
coherent interconversion between its S and T states. Externally
applied static and/or oscillating magnetic fields can affect both
the extent and the frequency of S–T interconversion and hence
alter the yields of the respective reaction products formed from
S and T radical pairs (26–28). However, a significant effect is
only expected if the lifetime of the radical pair is sufficiently long:
assuming Earth-strength magnetic fields (�50 �T), the radical
pair lifetime would need to be of the order of a microsecond or
longer (29).

Despite a preliminary characterization of cryptochrome from
migratory birds (30), there have so far been no reports of in vitro
studies of magnetic-field effects (MFEs) in cryptochromes.
Here, because of its close similarity to cryptochrome and ap-
parently greater stability in solution, we use catalytically com-
petent DNA photolyase from E. coli as a paradigm system to test
the hypothesis that an external magnetic field can alter the yields
and kinetics of radicals formed in proteins of the photolyase/
cryptochrome family. Optical transient absorption spectroscopy
with submicrosecond time resolution is used to record light-
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induced decay signals with and without an applied magnetic
field. Although a number of flash photolysis studies of E. coli
DNA photolyase are reported in the literature (31–34), this
article examines a photolyase in which the FAD cofactor is
initially in the fully oxidized state.

Results
Transient Absorption Spectroscopy. E. coli DNA photolyase con-
tains two noncovalently bound cofactors, FAD and 5,10-
methenyltetrahydrofolate (MTHF), which are involved in redox
chemistry and light harvesting, respectively (2, 5). A non-MTHF-
binding mutant of E. coli DNA photolyase (E109A) (EcPL) (35)
was used in the present studies to avoid sample inhomogeneity
arising from the low binding constant of MTHF to the wild-type
enzyme, and to prevent MTHF photodecomposition as a result
of prolonged blue light illumination (36). Recombinantly ex-
pressed, catalytically competent EcPL is typically isolated with
its FAD cofactor in the blue-semiquinone radical state, FADH•.
Here, we have oxidized the samples to the yellow FADox state
before blue light illumination by using potassium ferricyanide as
an external electron acceptor to generate the redox state of the
FAD that is also found for cryptochromes in the dark state (37).

Blue light irradiation of EcPL converts FADox to FADH•; but in
the presence of ferricyanide as electron acceptor, further photore-
duction to the fully reduced, catalytically active form (FADH�) is
inhibited. Acting as an electron donor, a tryptophan residue forms
a transient, spin-correlated radical pair with the flavin. Two path-
ways for back-reaction are expected. First, the two radicals can

recombine to regenerate the ground state of the protein, provided
the pair is in its singlet state. Second, competing reactions with
external electron donors/acceptors are feasible: the presence of
ferricyanide ensures fast and complete reoxidation of the flavin
(15) with concomitant reduction to ferrocyanide. However, the
tryptophan radical can be reduced by an as yet unknown electron
donor (most likely one of the buffer components, glycerol or Hepes)
(see Fig. 2 and later for more details).

The recorded time-resolved (5–170 �s) transient absorption
spectra (Fig. 1A) show a bleaching of the absorption bands of
oxidized FAD in the 420- to 480-nm range and the formation of
a broad absorption in the region above 500 nm. A second dataset
obtained with an earlier detection time window (0.5–5 �s) is
depicted in the Fig. 1 A Inset. Their formation obscured by a
strong fluorescence signal (500 ns), an absorption band at 400
nm and a broad and unresolved absorption ranging from 500 to
600 nm are observed concomitant with ground-state bleaching
of FADox between 400 and 500 nm. This spectral pattern is in
agreement with published spectra of the initially generated
tryptophanyl radical cation and a flavin radical (33). No signif-
icant signals are observed from the excited triplet state of FAD,
for which a broad absorption peaking �650 nm is typically
expected (38). Within the first 3 �s (reciprocal decay rate
constant, � � 1.24 �s from biexponential fitting of the decay
curves obtained without an applied magnetic field), this signal
changes to a different spectral pattern with maxima at 500 and
540 nm. Changes within the next 150 �s include both the decay
of the absorbance at 400 and 420 nm and the recovery of the

Fig. 1. Transient absorption spectroscopy of EcPL. (A) Light-induced electron transfer recorded on a microsecond time scale. Optical absorption spectra of the
kinetic components in the wavelength region between 400 and 650 nm were recorded at the following times after pulsed-laser excitation: red, 5 �s; yellow, 10
�s; olive, 20 �s; green, 50 �s; light blue, 80 �s; blue, 130 �s and purple, 170 �s. (Inset) Optical absorption spectra of the kinetic components in the wavelength
range 440–650 nm recorded at early times after the laser pulse (red, 0.5 �s; yellow, 0.7 �s; olive, 1 �s; green, 2 �s; blue, 3 �s and purple, 5 �s). (B) Absorbance
decay curves at 460 nm (negative absorption) and 510 nm (positive absorption) recorded with samples containing 0.1 mM (purple) and 5.0 mM (red) potassium
ferricyanide, respectively. (C) Absorption decay curves at 460 nm (negative absorption) and 510 nm (positive absorption) measured both with and without applied
magnetic field (red curves, 39 mT; blue curves, Earth’s magnetic field; �50 �T). Differences between red and blue curves are shown as red (460 nm) and green
(510 nm) curves, respectively (dotted lines represent unsmoothed raw data). For calculation of the MFE, 25 transients (125 laser shots) at 510 nm and 36 transients
(180 laser points) at 460 nm were averaged, respectively. The resulting MFEs (an average of 4,000 points between 1 and 9 �s) are �4.0% and �3.1% for 510 and
490 nm with calculated standard deviations of 1.8% and 1.7%, respectively. (D) MFE action spectrum observed in EcPL. The spectrum is calculated as the difference
in the transient absorption signals, averaged over 0–60 �s after laser excitation, measured with (39 mT) and without (50 �T) an applied magnetic field. The error
bars represent the standard deviations of the signals (0–60 �s) at each wavelength after smoothing with a 10-�s boxcar function.
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ground state absorption. Two long-lived spectral components
are observed, one with a maximum at 510 nm, the other with a
minimum between 440 and 460 nm.

Consideration of these absorbance changes in EcPL leads to
an extended scheme of chemical reactions (Fig. 2) that is in
general agreement with previous findings by Aubert et al. (33),
although these authors have examined the photoreduction of the
flavin starting out from the flavin in its radical form FADH•. A
similar scheme is also used by Solov’yov et al. (22) for the
discussion of calculated MFE in Arabidopsis thaliana.

FADox is excited by blue light to its excited state (FAD*).
Subsequently, an electron is transferred to the flavin from a
nearby amino acid thus forming a radical pair within a few
picoseconds, which is far beyond the time resolution of our
equipment. By individual replacement of each one of the 15
tryptophan residues in EcPL with phenylalanine, W306, which is
situated �19 Å away from the flavin, was identified as the
terminal electron donor (39). Two hypothetical pathways for the
electron transfer between W306 and FADH• have been pro-
posed: one is via the two other tryptophans of the triad, W382
and W359, which are located between W306 and FADH• (10,
14). The other putative pathway involves the �-helix (�-15)
between residues D358 and the phenyl ring of F366 (34).
Regardless of the pathway between the flavin chromophore and
W306, we can conclude that the primary species detected here
is a radical pair comprising a flavosemiquinone anion radical and
the W306 cation radical: [FAD•� Trp(H)•�] based on the
observation that two broad maxima located at �500 nm (40) (for
a flavin anionic radical) and almost 600 nm (for a tryptophanyl
cation radical) are expected for such a radical pair species (33).
These spectral features are indeed observed at early times after
the pulsed-laser excitation (see Fig. 1 A Inset). It should be noted,
however, that the electron spin configuration of this radical pair,
singlet or triplet, cannot be assigned from the transient absorp-
tion measurements shown in Fig. 1 A. The (nanosecond) time
resolution of our spectrometer is much longer than the lifetime
of the excited flavin singlet state, which is in the picosecond
range for comparable flavoproteins (41). Whatever the spin state
of the excited FAD, spin angular momentum is conserved during
fast electron transfer, and the radical pair is formed with the
same multiplicity as its precursor.

The surface-exposed Trp(H)•� in EcPL has been shown to
release a proton (time constant, 0.3 �s) to generate the neutral
Trp• radical (33). Whereas Trp(H)•� has an absorption maxi-
mum at 570 nm, the neutral Trp• radical absorbs with a
maximum at �500 nm. This shift is clearly observed in the
spectra shown in Fig. 1 A Inset. However, no (or only a minor
amount of) proton transfer to FAD•� is detected on a micro-
second time scale, a process that would yield the neutral f lavin
radical, FADH•, which typically shows a broad absorption above
550 nm (42). This result is unexpected because FADH• appears
to be stabilized in E. coli photolyases (5). The secondary radical
pair, [FAD•� Trp•], is stable for several hundred microseconds,
and its decay to the ground state depends mainly on the presence
of an external electron acceptor (the radical pair lifetime in-
creases dramatically if this species is absent or present at a lower
concentration; see Fig. 1B). Without an external electron donor,
the stability of [FAD•� Trp•] depends mainly the recombination
of the radical pair. Nevertheless, a minor fraction of the tryp-
tophan radicals is believed to be reduced by transfer of an
electron from an as yet unknown external electron donor,
resulting in the ground-state of the tryptophan residue and
FADH• (31).

In Fig. 1B, the two long-lived spectral components (the
minimum at 460 nm and the maximum at 510 nm) are shown as
transients on �100-�s time scale (red curves). After the initial
decay of the signal components within 2 �s, signals that decay
much more slowly are observed at both wavelengths. The decay
constants are fairly similar (� � 50 �s at 460 nm and � � 40 �s
at 510 nm) at a ferricyanide concentration of 5 mM. When the
ferricyanide concentration was reduced 50-fold, the decay time
constants increased to 330 �s and 340 �s, respectively (magenta
curves in Fig. 1B), indicating that the slowly decaying compo-
nents can be attributed to the reoxidation of the flavin anion
radical by ferricyanide. A reoxidation lifetime of 17 ms was
determined by Aubert et al. (33) in the absence of an external
electron acceptor. Although that value was obtained starting
from the neutral f lavin radical FADH•, it supports our conclu-
sion that the radical pair lifetime is determined mainly by the
absence or presence of an external electron donor.

MFE and Potential Roles for Biological Magnetoreception. Chemical
magnetosensitivity via the radical pair mechanism requires in

FADox + Trp(H)

SFAD* + Trp(H)

en
er

gy
S[ FAD  - + Trp  ] T[ FAD  - + Trp  ]

S[ FAD  - + Trp(H) + ] T[ FAD  - + Trp(H) + ]
electron transfer

recombination

recombination

MFE

H+ H+

e- e-

H+, e- H+, e-H+

Fig. 2. Formation of radical pairs in EcPL with the flavin initially in the fully oxidized redox state. FADox, chromophore in darkness (fully oxidized state); SFAD*,
singlet excited state after absorption of blue light, FAD•�, flavosemiquinone anion radical; Trp(H)•�, tryptophanyl cation radical (W306); Trp•, neutral
tryptophanyl radical (W306). Flavosemiquinone radicals and tryptophanyl radicals form spin-correlated radical pairs that exist either in the singlet (S) or in the
triplet (T) state. Energies are not to scale. For further details, see Results.
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principle the following sequence of events: (i) generation of a
radical pair species with correlated electron spins, either in an S
or a T state; (ii) coherent evolution of the radical pair between
the near-degenerate S and T spin states; and (iii) different
reaction pathways of the S and T radical pairs. The frequency of
S–T interconversion in the radical pair and hence the relative
yields of reaction products and/or the lifetime of the radical pair
depend on the strength of any applied magnetic field. MFEs in
radical pairs are thus kinetic rather than thermodynamic in
origin and may be detected for magnetic fields whose electron
Zeeman energies are much smaller than the average thermal
energy per molecule, kBT. The radical pair lifetime needs to be
in the microsecond range (29) if a magnetic field of 50 �T is
expected to have a significant effect.

To measure the influence of an external magnetic field on the
absorption decay kinetics, transients at 460 and 510 nm were
recorded with and without an applied 39-mT magnetic field.
These time profiles are shown as red and blue curves in Fig. 1C
Upper, respectively. Small but reproducible changes in the decay
curves, which are clearly outside the experimental errors, are
observed: the resulting MFEs (4,000 data points averaged over
the interval 1–9 �s) are �4.0% and �3.1% for 510 and 460 nm,
respectively. The decay time profiles observed at 510 nm were
analyzed by biexponential curve fittings. The reciprocal decay
rate of the fast component in a 50-�T field (1.20 �s) was
indistinguishable from that in a 39-mT field (1.24 �s). The
field-on/field-off difference signals at 460 and 510 nm are shown
in Fig. 1C Lower: both deviate significantly from zero after the
laser flash; it is noteworthy that the differences develop within
the first 2 �s, whereas in the later part of the curve no additional
changes are observed. Because the apparent time constant for
the observed MFE and the time constant for the deprotonation
of Trp(H)•� are quite similar, we conclude that the primary
radical pair [FAD•� Trp(H)•�] is mainly responsible for the
MFE. Following this argument, the recombination rate of the
secondary radical pair [FAD•� Trp•] should be much slower
than its electron spin relaxation in order not to show a MFE.
That the recombination of [FAD•� Trp•] is much slower than
that of [FAD•� Trp(H)•�] is not unexpected because direct
recombination is only possible for the primary species, whereas
an additional proton transfer is required for the secondary
species to return to the ground state.

To characterize the MFE more fully, transients were measured
across the wavelength range 400–650 nm, and the field-on/field-
off difference signals were calculated. The result is depicted in
Fig. 1D. This curve deviates significantly from zero and shows a
characteristic peak pattern with negative values at 400, 520, and
550 nm. A positive MFE is observed at 450 nm. The wavelength
dependence of the MFE resembles the transient absorption
spectra shown in Fig. 1 A (e.g., green and yellow spectra) except
for a sign inversion. The MFE observed here can be explained
by the ‘‘hyperfine’’ radical pair mechanism. The presence of a
magnetic field hinders the S–T mixing process because the
Zeeman interaction isolates the T�1 and T�1 spin states from the
S and T0 states of the radical pair. Charge recombination to
the ground-state reactants is allowed for the S state of the radical
pair, but not for its T state. Because the recombination pathway
of the primary radical pair [FAD•� Trp(H)•�] is in direct
competition with the spin-independent deprotonation step lead-
ing to the secondary radical pair [FAD•� Trp•], the reduction in
the efficiency of S–T interconversion caused by applying a
magnetic field leads to more efficient recombination and a
concomitant reduction in the radical concentration. This effect
can indeed be observed in Fig. 1D: the applied magnetic field
reduces the transient concentration of radical pairs. Hence,
negative and positive MFEs on both the radical pair and the
ground-state bleaching are only consistent for the case of a
singlet-born radical pair.

Discussion
Time-resolved electron paramagnetic resonance spectroscopy
(tr-EPR) has shown that radical pairs can be created photo-
chemically in photolyases with the electron spin correlation that
is a necessary, but not sufficient, condition for the yields and
rates of the subsequent reactions to be sensitive to applied
magnetic fields (15, 43). The experiments reported here dem-
onstrate that, in contrast to published data (15), radical pairs are
formed in EcPL from a singlet-state precursor. Additionally,
EcPL is shown here to have the magnetic and kinetic properties
that are essential for magnetosensitivity. Specifically, it has been
demonstrated that competition between spin-dependent recom-
bination and spin-independent deprotonation of the primary
radical pair, together with magnetic field-dependent S–T inter-
conversion of the primary radical pair, cause the yield of the
long-lived secondary radical pair to depend on the presence or
absence of a weak Zeeman interaction that is orders of magni-
tude smaller than kBT. Even though the detected change in
radical yield is small and is observed for an applied magnetic field
much stronger than that of the Earth, these findings constitute a
proof of principle that photoinduced electron transfer reactions in
photolyase and most probably by extension the closely related
cryptochromes, respond to magnetic interactions in a manner that
could form the basis of a biological magnetic compass.

As noted above, the reaction scheme in Fig. 2 bears consid-
erable similarities to that discussed by Solov’yov et al. (22). It
differs in the following respects: (i) we could not detect the
participation of amino acid residues other than the tryptophan
we presume to be W306, most likely because of the limited time
resolution; (ii) proton transfer to the flavin radical was not
observed; (iii) we would not expect the radical pair precursors of
[FAD•� Trp(H)•�] in the Trp-triad chain to experience signif-
icant S–T interconversion because of their large anticipated
exchange and dipolar interactions (44).

A radical pair reaction must satisfy a number of quite stringent
conditions if it is to show a strong response to an external
magnetic field. Three such prerequisites in particular may be
mentioned. (i) The spin–spin coupling of the two electrons must
be weak enough to allow hyperfine and Zeeman interactions to
drive S–T interconversion. (ii) Electron spin relaxation must be
slow compared with the radical pair reaction rates. (iii) The
spin-dependent and spin-independent reactions must have com-
parable rates to give rise to the kinetic competition essential for
a MFE. Had any one of these conditions not been approximately
satisfied, the MFE in EcPL would almost certainly have been too
small to be detected with the techniques described here. The
degree to which the three conditions are met could be very
different in vivo. (i) The FAD and W306 radicals in EcPL are
�1.9 nm apart. Calculations suggest exchange and dipolar
interactions of the order of 1 mT (44), which are far from
negligible and likely to interfere significantly with S–T intercon-
version. However, if the protein were immobilized, because it
would have to be if it were to act as a directional sensor, the
dipolar coupling would not be averaged by molecular tumbling,
and the two interactions, being of similar size, would have
more-or-less equal and opposite effects. Estimates suggest that
this cancellation, which allows some S–T interconversion to
proceed unimpeded, should occur for radical–radical separa-
tions (2.0 � 0.2 nm) that are close to that of the FAD–W306
radical pair (44). (ii) The relaxation rates of the electron spins are
determined in part by molecular motions. It is entirely possible
therefore that relaxation is slower in vivo if the internal motions
and the overall rotational motion of the protein molecule are
slower than in vitro. (iii) Both the back electron transfer rate of
the primary radical pair and the deprotonation of the tryptophan
cation radical are likely to be sensitive to the environment of the
protein and binding to signaling partners and so could be quite
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different in vivo. Because no structural information for any avian
cryptochrome is available, the amino acid residue that could
form the spin-correlated radical pair with the FAD is as yet
unknown. Although the chain of tryptophan residues is con-
served in avian cryptochromes, there is some evidence from
experiments with other photolyases (43, 45) that a tyrosine
residue can also act as the electron-donating amino acid. Infor-
mation on the distance and orientation of this amino acid with
respect to the flavin chromophore is lacking but is crucial
because subtle differences in these properties can strongly
influence the magnetic interaction parameters and therefore
alter the extent of the MFE.

In short, there are several possible reasons why the MFE
observed here for EcPL is small and only detectable at magnetic
fields much stronger than the geomagnetic field and why such
effects could be much larger in a magnetic-field-sensing system
exposed to much weaker magnetic fields. It is relevant to note
that careful optimization of experimental conditions has very
recently allowed an intramolecular photoinduced electron trans-
fer reaction, chosen as a model chemical compass, to show a
detectable response in a magnetic field of �50 �T (46).

Methods
Protein Preparation. The expression and purification of EcPL are described
elsewhere (35). Enzyme activity was monitored following the procedure

developed by Jorns et al. (47). To oxidize the protein, potassium ferricyanide
was added to a final concentration of 10 mM, and the mixture was incubated
at 278 K for 3 days. The progress of the oxidation reaction was monitored by
optical spectroscopy. Excess ferricyanide was removed by three consecutive
ultrafiltation steps using 30-kDa membranes (Amicon Ultra; Millipore).

Transient Absorption Spectroscopy. Samples containing 50 mM Hepes (pH 7.0),
100 mM KCl, 20% glycerol (vol/vol), 5 mM potassium ferricyanide, and 0.2 mM
EcPL were excited with a dye laser (Sirah Cobra) pumped by a Nd:YAG laser
(Continuum Surelite-1). The wavelength and the pulse width were 450 nm and 5
ns, respectively. The pulse energy was 5 mJ. Absorbance changes were recorded
with a time resolution of 50 ns or 10 �s as described elsewhere in more detail (48).
At each wavelength, transient signals were recorded at a repetition rate of 0.03
Hz alternately with (39 mT) and without (Earth’s magnetic field: �50 �T) an
applied magnetic field. At each wavelength selected by a monochrometer (Oriel
77250), transient signals were recorded by a digital oscilloscope (Iwatsu–LeCroy
LT342) connected to a photomultiplier tube (Hamamatsu R928) at a repetition
rate of 0.03 Hz alternately with (39 mT) and without (Earth’s magnetic field: �50
�T) an applied magnetic field.
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